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We propose a method for the emulation of artificial spin-orbit coupling in a system of ultracold,
neutral atoms trapped in a tight-binding lattice. This scheme does not involve near-resonant laser
fields, avoiding the heating processes connected to the spontaneous emission of photons. In our case,
the necessary spin-dependent tunnel matrix elements are generated by a rapid, spin-dependent,
periodic force, which can be described in the framework of an effective, time-averaged Hamiltonian.
An additional radio-frequency coupling between the spin states leads to a mixing of the spin bands.
PACS numbers: 67.85.-d, 03.65.Vf, 71.70.Ej, 37.10.Jk
The phenomenon of spin-orbit coupling (SOC) gener-
ally describes an interplay between the spin state of a
particle and its motional degrees of freedom. This effect
naturally arises in the framework of relativistic quantum
mechanics described by the Dirac equation. A spinful
particle moving through an electric field experiences a
magnetic field in the co-moving reference frame. The re-
sulting interaction between the spin and the magnetic
field depends on the amplitude of the field and thus on
the velocity of the particle, leading to the coupling of
motion and spin. In solid state materials, SOC can re-
sult in exotic phases and phenomena, such as topological
insulators [1, 2] or the spin Hall effect [3–7].
The experimental realization of synthetic spin-orbit in-
teractions with equal Rashba [8] and Dresselhaus [9] con-
tributions for bosonic [10, 11] and fermionic quantum
gases [12, 13] has raised considerable interest over the last
years ([14] and references therein). For ultracold atoms –
interacting via s-wave scattering – SOC can lead to effec-
tive interactions with higher partial wave contributions
[15–17]. In a single-component Fermi gas this could lead
to stable p-wave interactions and topological superfluids
[18–20]. All of the experimentally implemented schemes
rely on near-resonant Raman-laser coupling schemes and
thus suffer from spontaneous emission, leading to excita-
tions and particle loss. Currently a lot of effort is directed
towards novel methods for the creation of artificial SOC
avoiding this issue, e.g., by using magnetic field pulses
[21, 22] or far-off-resonant light [23].
As thoroughly investigated over the last years a rapid,
periodic lattice drive coherently manipulates the tunnel-
ing processes in an optical lattice. This allows for, e.g.,
the coherent destruction of tunneling and sign inversion
of the tunnel elements [24–27], photon assisted tunnel-
ing [28, 29], and the creation of artificial gauge fields
[30–38]. In this manuscript, we propose to engineer a
∗ E-mail address: jstruck@mit.edu;
Present address: MIT-Harvard Center for Ultracold Atoms,
Research Laboratory of Electronics, and Department of
Physics, Massachusetts Institute of Technology, Cambridge, Mas-
sachusetts 02139, USA
Bs(t)
∂ Bs(t)-∂ Bs(t)
Ω∆
J
HKin HRF HForce
FIG. 1. Schematic illustration of the relevant processes, which
are captured in the two-component single-particle Hamilto-
nian. HKin represents the spin-independent nearest-neighbour
tunneling processes, HRF describes the radio frequency cou-
pling of the two spin states and HForce corresponds to the
spin-dependent driving of the atoms in the lattice. The drive
originates from an oscillating magnetic field gradient.
time-periodic and spin-dependent drive in order to real-
ize spin-dependent tunnel matrix elements and SOC. We
consider ultracold atoms with (at least) two spin states
confined in a 1D optical lattice. A time-dependent mag-
netic field (Bs(t) = Bs(t + T )) periodically drives the
atoms at the frequency ω = 2pi/T . For simplicity we as-
sume that the two relevant spin states are characterized
by magnetic moments with same magnitude but oppo-
site signs so that they are submitted to opposite forces.
However all results presented here can be generalized to
spin combinations experiencing a different drive.
A time-periodic driving can lead to complex valued
tunnel matrix elements if the driving breaks specific sym-
metries, resulting in a gauge dependent shift of the dis-
persion relation for a 1D lattice [31]. In our case, the dis-
persion relations of the two spin states are shifted in op-
posite direction due to the inverted drive for both states.
An additional radio-frequency coupling between the spin
states leads to a mixing of the spin dispersion relations
and a spin-orbit gap in the band structure.
In this scheme, the strength of the SOC can be con-
tinuously tuned, simply by adjusting the driving ampli-
tude (see Ref. [39] for a Raman coupling scheme with
tunable SOC strength). Importantly as no near-resonant
laser fields are involved, the quantum gas is not prone to
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2heating processes induced by the spontaneous emission
of photons.
The Hamiltonian can be separated into three terms
H = HKin + HRF + HForce (Fig. 1). Here we neglected
interactions between the particles. However, we would
like to emphasize that spin preserving, on-site Hubbard
type interactions are not renormalized by the drive in the
effective Hamiltonian.
First, HKin describes the next-neighbor tunneling pro-
cesses, which are spin-independent and do not couple the
spin states:
HKin = −J
∑
s
(
Aˆ+s Aˆs−1 + Aˆ
+
s−1Aˆs
)
, (1)
where J is the tunnel matrix element between neighbour-
ing lattice sites and Aˆs = (aˆs, bˆs)
T, Aˆ+s = (aˆ
+
s , bˆ
+
s ) are
vectors with the annihilation operators aˆs and bˆs on lat-
tice site s for the two spin components. For the rest of
this manuscript we assume that these operators obey the
bosonic commutation relations. Nevertheless, the single-
particle results derived here are valid for fermionic par-
ticles as well.
Second, the Rabi coupling of both spin states in the
rotating-wave approximation is described by
HRF =
~∆
2
∑
s
Aˆ+s σˆzAˆs −
~Ω
2
∑
s
Aˆ+s σˆxAˆs, (2)
where ∆ = ωA − ωRF is the detuning of the radio-wave
(ωRF) with respect to the atomic resonance (ωA), Ω is
the Rabi frequency and σˆx,y,z denote the Pauli matrices.
The third term describes the spin-dependent driving
of the atoms by an oscillating magnetic field gradient:
HForce =
∑
s
vs(t)Aˆ
+
s σˆzAˆs. (3)
Here vs(t) = µBs(t) is the energy shift due to the pres-
ence of the oscillating magnetic field. The resulting force
is proportional to the gradient of the field and acts in op-
posite directions for the two different spin components.
The time-periodic Hamiltonian H can be treated in
the framework of the Floquet theory, where the energy
structure is described by a time-independent, periodic
quasi-energy spectrum [40, 41]. In the high driving fre-
quency limit – where the coupling elements between dif-
ferent Floquet bands can be neglected – the quasi-energy
spectrum can be approximated by an effective Hamil-
tonian [24, 42]. The effective Hamiltonian Heff can be
obtained from the Floquet Hamiltonian HF = H − i~ ∂∂t
by the relation
Heff =
〈
Uˆ+Q (t)HF UˆQ(t)
〉
T
, (4)
with the unitary operator UˆQ(t) = exp(−iQˆ(t)) and the
notation 〈· · ·〉T = 1T
∫ T
0
· · · dt for the time-average. The
hermitian, time-periodic operator Qˆ(t) is chosen such
that the driving term (Eq. (3)) is absent in the effective
Hamiltonian [24]:
Qˆ =
1
~
∑
s
Ws(t) Aˆ
+
s σˆzAˆs. (5)
Here, Ws(t) is defined by,
Ws(t) =
∫ t
t0
dt′vs(t′)−
〈∫ t
t0
dt′vs(t′)
〉
T
, (6)
for times t ≥ t0, where t0 denotes the time when the
amplitude of the time-dependent magnetic field has been
fully ramped up. Eq. (6) is independent of t0 for t ≥ t0.
The effective Hamiltonian (Eq. (4)) then reads
Heff =− J
∑
s
|fs|
(
Aˆ+s e
iθsσˆzAˆs−1 + Aˆ
+
s−1e
−iθsσˆzAˆs
)
− ~Ω
2
∑
s
|gs|Aˆ+s (cos(χs)σˆx − sin(χs)σˆy) Aˆs
+
~∆
2
∑
s
Aˆ+s σˆzAˆs, (7)
where the complex variables fs and gs have been de-
composed into magnitude and phase (fs=|fs| exp(iθs),
gs=|gs| exp(iχs)). Here, the function
fs ≡ 〈exp (i [Ws(t)−Ws−1(t)] /~)〉T , (8)
describes the spin-dependent renormalization of the tun-
neling matrix elements, whereas
gs ≡ 〈exp (i 2Ws(t)/~)〉T , (9)
describes the renormalization of the Rabi frequency. In
general, both functions depend on the lattice site index.
The spatial rotation of the Pauli matrices in the Rabi
coupling term of Eq. (7) can be canceled by the trans-
formation into dressed spin states, which are defined by
the operators Cˆs = Tˆ
+
s Aˆs and Cˆ
+
s = Aˆ
+
s Tˆs. The unitary
operator Tˆs = exp(iχsσˆz/2) represents a local rotation in
spin space around the z-axis. In the new basis the effec-
tive Hamiltonian is given by
Heff =− J
∑
s
|fs|
(
Cˆ+s e
iαsσˆzCˆs−1 + Cˆ
+
s−1e
−iαsσˆzCˆs
)
− ~Ω
2
∑
s
|gs|Cˆ+s σˆxCˆs +
~∆
2
∑
s
Cˆ+s σˆzCˆs, (10)
where we have introduced the SOC parameter αs =
θs + (χs−1 − χs)/2, which can be understood as a spin-
dependent Peierls phase. The Hamiltonian (10) describes
a tight-binding lattice with one-dimensional SOC.
Generally, the site dependence of the parameters |fs|,
αs and |gs| (see Eq. (10)) breaks the translational sym-
metry of the lattice potential and prevents a meaningful
description in terms of Bloch states. However, for cer-
tain driving functions vs(t) these parameters are in good
approximation site-independent.
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FIG. 2. Spin-dependent driving of the atoms with sinusoidal
pulses. (a) The amplitude of the magnetic field is modulated
around zero with trains of sinusoidal pulses. (b) The resulting
SOC strength and (c) the renormalization of the tunneling
rate as functions of the forcing parameter K. In (b) and (c)
the colored lines correspond to different ratios T1/T of the
pulse to hold time.
This is for instance the case for a sinusoidally pulsed
magnetic field given by (see Fig. 2(a)):
Bs(t) = ∂B · s
{
sin (ω1t) for 0 < t mod T < T1 (?)
0 for T1 < t mod T < T (??),
(11)
where ∂B is the magnetic field difference between neigh-
bouring lattice sites and ω1 = 2pi/T1. This function
has two important features: First, it breaks time-reversal
symmetry, leading to a continuously tunable SOC pa-
rameter. Second, it vanishes during a finite time interval
T2 (T = T1 + T2), which is essential for a non-vanishing
time-average of the Rabi coupling in the effective Hamil-
tonian. Insertion of Eq. (11) into Eq. (6) results in
Ws(t) = ~K s
{
cos (ω1t)− T2/T (?)
T1/T (??),
(12)
with K=µ∂B/~ω1 as the dimensionless forcing param-
eter. The renormalization function of the tunnel matrix
elements (Eq. (8))
fs = e
−iKT2/TJB0 (K)T1/T+e
iKT1/TT2/T ≡ f(K), (13)
is completely site-independent, with JB0 (K) as the ze-
roth order Bessel function of the first kind. In con-
trast the renormalization function of the Rabi frequency
gs = f(2Ks) (see Eq. (9)) shows an explicit site depen-
dence. However, in the limit 2Ks → ∞ this site depen-
dence only affects the complex phase and we obtain:
gs = e
i2KsT1/T T2/T. (14)
If the forcing parameter K is on the order of one and the
zero-crossing of the magnetic field is far away (typically
a few thousands of lattice sites) from the center of the
atomic cloud, then Eq. (14) is a good approximation for
the exact result of Eq. (9)
In this limit the magnitude |gs| ≈ T2/T ≡ |g| is site-
independent. Note that for T2 = 0 the effective Rabi
coupling between the spin states vanishes. The complex
phase of gs is given by χs ≈ 2KsT1/T and thus we ob-
tain a site-independent SOC parameter α = θ−KT1/T .
This parameter can be continuously tuned via the forcing
parameter K and the ratio T1/T as shown in Fig. 2(b).
For larger T1/T , the maximum value of α increases in
contrast to the effective Rabi frequency Ω|g|. The effec-
tive tunneling strength J |f |, reduced due to the periodic
modulation, presents a minimum value which decreases
to zero as the ratio T1/T is increased (Fig. 2(c)). Please
note, the forcing parameter cannot become arbitrarily
small as the condition 2Ks→∞ needs to be fulfilled.
To estimate the strength of the required magnetic
field gradient we assume to work with a bosonic alkali-
metal with a nuclear spin of I = 3/2 (7Li, 23Na or
87Rb) in the low field Zeeman regime. As the two spin
states we use the hyperfine states |F = 1,mF = −1〉 and
|F = 2,mF = −1〉 of the n2S1/2 ground state. The re-
quired magnetic field gradient for a forcing parameter K
would be ∂B/d = K~ω1/(dµBmF gF ) ≈ K · 31 G/cm,
where the Lande´ factor is given by gF=1,2 = ∓1/2 and
we have assumed a frequency of ω1 = 2pi · 1.1kHz. The
lattice spacing d has been set to 0.5µm.
Although this scheme is free of heating arising from
spontaneous emission of photons, the periodic driving
can create excitations in the system. The heating rate
strongly depends on the specific driving frequency, lat-
tice depth and strength of possible interactions between
the particles [24, 25, 27, 43, 44]. Therefore the driving
frequency has to be chosen out of resonance with the
direct and multi-photon transitions to higher bands of
the lattice. In addition the effective Hamiltonian derived
here is only a valid approximation if the energy cor-
rections due to the coupling between different Floquet
bands are negligible. From perturbation theory follows
that the Floquet band coupling elements | 〈Vˆp,m〉 | and
the eigenvalues of Heff have to be small compared to
the energetic separation ~ω between the Floquet bands.
The coupling between two Floquet bands with indices
m and p arises from the perturbation operator Vˆp,m =
〈ei(p−m)ωtUˆ+Q (t)HF UˆQ(t)〉T [42]. Evaluating the pertur-
bation operator for the sinusoidal pulse drive, we arrive
at the following constraints:
|ξp,m(1)| · J, |ξp,m(2s)| · ~Ω ~ω, (15)
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FIG. 3. Dispersion relations of the spin-orbit coupled system
for sinusoidal pulses with T1/T = 0.9. The colorcode indicates
the respective admixture of the bare spin states (Eq. (20)).
The forcing parameter, Rabi frequency and detuning are (a)
K = 1.5, ~Ω = 3J and ~∆ = 0, (b) K = 1.5, ~Ω = 9J and
~∆ = 0, (c) K = 0.9, ~Ω = 9J and ~∆ = 0 and (d) K = 1.5,
~Ω = 9J and ~∆ = 0.5J .
with ξp,m(x) = 〈ei[(p−m)ωt+Wx(t)/~]〉T and Wx(t) given
by Eq. (12). The function |ξp,m(x)| is always smaller than
one and converges for large x towards a value which never
exceeds |g|. Therefore, a reduced effective Rabi frequency
|g|Ω can always be compensated by increasing the bare
Rabi frequency without violating the constraints given in
(15). From the condition for the eigenvalues of the effec-
tive Hamiltonian we obtain the additional constraints:
|g| · J, |f | · ~Ω, ~∆ ~ω. (16)
Note that, for an interacting system the driving frequency
has to be also large compared to the energy scale of the
interactions. For the driving frequency, these constraints
result in a lower bound given by the energy scale of the
tunneling strength and an upper bound defined by the
band gap. Furthermore, the driving frequency hast be
chosen out resonance with multi-photon excitations lying
in between the lower and upper bound.
The dispersion relation of the spin-orbit coupled lattice
can be obtained by the transformation of the annihilation
operator for a particle on site s into the reciprocal space:
Cˆs =
1√
M
∑
q
Cˆqei q d s, (17)
where M is the number of lattice sites and Cˆq = (Cˆ1q , Cˆ2q )T
is the two-component annihilation operator for a particle
in the Bloch state with quasimomentum q. The trans-
formation of the creation and annihilation operators in
the Hamiltonian (10) into the reciprocal space (Eq. (17))
leads to
Heff =
∑
q
Cˆ+q H(q) Cˆq , (18)
with the matrix
H(q) =− 2J |f | (cos(α) cos(qd)1 + sin(α) sin(qd) σˆz)
+ ~∆σˆz/2− ~Ω|g|σˆx/2 . (19)
The eigenvalues of the matrixH(q) represent the two low-
est spinful bands of the spin-orbit coupled lattice (Fig. 3).
An increase of the Rabi frequency Ω leads to a larger
splitting of these bands (Figs. 3(a) and (b)). The forcing
parameter K directly influences the SOC parameter α
and the bandwidth via the renormalization |f | of the tun-
neling rate (Figs. 3(b) and (c)). A finite detuning ∆ lifts
the reflection symmetry of the dispersion relation around
quasimomentum zero (Fig. 3(d)). Experimentally it is
therefore necessary to reduce short-term magnetic field
fluctuations, directly translating into a time-dependent
detuning and heating, to an energy scale which is small
compared to the effective tunneling strength. This is-
sue can be partially resolved by using a light atomic
species, where the energy scale connected to the tun-
neling is larger than for heavier elements. However, we
would like to point out that this is a generic problem
of all SOC schemes using Zeeman states with different
magnetic moments.
The combination of time-of-flight absorption imaging
and a Stern-Gerlach spin separation allows to probe the
admixture of the bare spin components in the dispersion
relation. The quasimomentum dependent admixture of
the bare spin states is related to the transformed spin
basis of Eq. (19) by
〈Aˆ+q σˆzAˆq〉 = 〈Cˆ1
+
q−KT1/T Cˆ1q−KT1/T 〉
− 〈Cˆ2+q+KT1/T Cˆ2q+KT1/T 〉 , (20)
where Aˆq is the two-component annihilation operator for
the bare spin states in the Bloch function with quasi-
momentum q. It can be obtained from Aˆs by a Fourier
expansion in analogy to Eq. (17).
In conclusion, we have proposed to use a period-
ically driven magnetic field gradient to create spin-
dependent tunneling matrix elements for bosonic or
fermionic species in an optical lattice. The Rabi coupling
5between different spin states leads to a gap in the dis-
persion relation and a mixing of the bare spin compo-
nents. The proposed scheme avoids the problems associ-
ated with the spontaneous emission of photons. An ad-
ditional advantage of our driving technique is the simple
control over the SOC parameter α, which can be easily
tuned in-situ. Beyond that, the interplay between strong
many-body interactions in an optical lattice – not altered
by the periodic drive – and spin-dependent tunneling pro-
vides an ideal toolbox for the study of strongly correlated
SOC systems [45–48].
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